Scrub vegetation encroaches into the proximity of many monuments at Myanmar's Bagan Cultural Heritage Site, as can be seen at many other monuments on the world. The extensiveness of scrub vegetation can interfere with the integrity of the cultural landscape when ignored by site management. The current study examined how significant the occurrence of scrub vegetation might be, quantifying the canopy coverage with relative occupancy of other components in the sacred compounds. The sacred compounds in Bagan enclose religious monuments in environments classified as farmland, monastic residences, accessways, shrub-hosting areas, and scrub vegetation. The coverage of scrub vegetation was more than a quarter of the area of sacred compounds, whereas that of shrub-hosting patches was about half. The other components occupied less than one-fifth of the area. The associated occurrence of scrub vegetation indicated the invasion of alien species from the drier hinterland to the riverside of Ayeyarwady. While such a situation reveals site management as a priority, the presence of cultivated farmland in the vicinity of monuments represented suppression of weedy growth that may later facilitate the occurrence of scrub-type plants. This study suggests cultivation as a reasonable practice for the integrity of the cultural landscape and safeguarding the monuments in Bagan.
Introduction
Vegetation encroachment on monuments is a noticeable condition in many archaeological sites that reflects issues of site management across the globe [1, 2] . The colonized patch of vegetation on the monuments and the site generally comprises a diversity of higher plants, which, in turn, may be associated with the incidence of moss, lichen, and fungi [2] [3] [4] . Despite the importance of biodiversity in such a context, vegetation encroachment on the monuments is a root-cause for deterioration of the architectural structures [5, 6] . Root penetration of woody vegetation into the monuments induces cracks in the structures, degrading structural integrity [1, 3] . Such conditions are quite common for monuments at abandoned archaeological sites, where preservation in connection with site management is a requirement [2, 7] .
At the Bagan Cultural Heritage Site in Myanmar, woody vegetation covers 37% of Monumental Zone 1 (MZ-1) [8] (see Figure 1b ). Existing in the dry zone of Myanmar, the woody vegetation in Bagan is presumablymostly scrub-type plants. As is often seen in semi-arid ecological conditions, stands of Acacia and Zizyphus species are typical across the dry zone [9, 10] . These common species, both in shrub and tree forms, share a habitat with the fleshy and thorny Euphorbia antiquorum and the shrub-like Osyris wightiana in the drier parts of Myanmar [11] . According to the Food and Agricultural yet been provided regarding the extent of coverage by specific vegetation types in the vicinity of monuments to foster preservation and landscape management.
Setting a focus on how the present condition of scrub vegetation interferes with the monuments in Bagan, the current study was an attempt of assessment on the scale of sacred compounds in MZ-1. The study first evaluated the tendency of the area occupied by specific components in sacred compounds, and secondly examined canopy coverage of scrub vegetation and associated growth corresponding to the subzones of MZ-1. The findings endorsed the extensive occurrence of scrub vegetation and the shrub-hosting area in the sacred compounds, and thus, revealed intensive site management as a priority. A realistic suggestion is to retain agricultural activities around the monuments in order to serve the integrity of the cultural landscape. Although the current study was carried out under some restrictions of local administrations, the results support information in considering the landscape management of the Bagan Cultural Heritage Site.
Materials and Methods

Study Site
The study site was Monumental Zone 1 (MZ-1) of the Bagan Cultural Heritage Site (Bagan) in the central Dry Zone of Myanmar (21.10-21.20 • N, 94.85-94.92 • E). Covering an area of 22,809.85 ha, Bagan comprises eight MZs and a buffer area [31] . Monumental Zone 1 is one of the eight MZs, housing 2348 variously-sized monuments built in the medieval and following eras along the eastern bank of the Ayeyarwady River over a total area of 4164 ha [8] . Seven residential areas are located on the plain topography of MZ-1 from north to south-three along the riverbank and four in the eastern hinterland (Figure 1a,b) . Monumental Zone 1 also neighbors the two urban sites of Nyaung-U and New Bagan (Myo-thit). The 15,706 residents of MZ-1 [32] mainly subsist on farming. The farmlands surrounding the monuments are the blessing resources for abundant harvests of oilseed crops and pulses.
Aerial Photography and Field Operations
Aerial photographs of 13 random locations in MZ-1 were taken with a drone (DJI Phantom 4 Pro) during the rainy season from 9 to 18 September 2018, except in rainy and overly cloudy conditions, in order to sharply detect vegetation canopy and components in the sacred compounds. The selection of the location was through a check of the monument clusters appeared in the 11th, 12th, and 13th centuries A.D. based on previous archaeological studies [16, 18, 33] . The coordinates of the home points for take-off and landing were marked with a handheld Global Positioning System (GPS) unit (Oregon ® 700, Garmin Ltd., Kansas, USA) in the World Geodetic System (WGS84) and accessed via Google Earth Maps (2 m resolution, UNES/Airbus) during a field survey. Points near monuments with a height of 25 m or more, residential areas, and other restricted zones were avoided based on the conditions of permission and instructions of the Nyaung-U township-government. Checks of monument heights were made using a Laser Rangefinder unit (TruPulse ® 200, Laser Technology, Inc., Centennial, USA) before setting the home points.
Operations of drone flights with a Pix4D Capture unit (Pix4D S.A., Prilly, Switzerland) were under the following conditions: (1) A polygon-plan target area (11-14 ha) for capture of 2D RGB color composite images, (2) flight altitude of 70 m, (3) camera (DJI FC6310) angled at 90 • perpendicular to the ground, (4) image overlapping adjustment (80% for each of the front and sides), (5) fast exposure for image capture from the moving drone, and (6) 80% of maximum speed (2-8 m/s). The camera focal length was 9 mm, the F35 equivalent was 24 mm, and there was no flash applied. The flight mission set was synchronized automatically with a Pix4D Cloud upload in advance. During the flight, the telemetry of the craft was monitored on a mobile device to ensure mission activation. There was no operator's interruption, except in the event of sudden changes in cloud cover and wind speed.
In the flights, the craft captured 220-300 images with a resolution of 5472 × 3648 pixels (2.5 cm resolution per pixel) for respective locations. The craft did not capture the images of home points outside the set polygon, and the built-in GPS of the DJI camera tagged all the pictures with geolocation data in the coordinate system (WGS84). In the 13 aerial composite-photographs, 27 sacred compounds (Figure 1a ,b) were identified on the Google Earth Maps (2 m resolution, UNES/Airbus). At the post-flight mission stage, field inspections were performed in the sacred compounds, following the inventory maps and list of monuments produced by Pichard [26] . The underlying reason was to clarify the components in the sacred compounds during image analysis. The architectural style of monuments based on three major types (stupa, temple, and monastery) and unidentified structures, monument numbers, processed land (farmland, active monastic residences, and accessways), shrub-hosting patch, and scrub vegetation were noted in field surveys. Species of scrub vegetation and their geolocations in the sacred compounds were also recorded to verify them during the assessment of their canopy coverage.
Image Processing and Analysis
The drone-captured images were processed to generate GeoTIFF-encoded orthomosaic and digital surface model (DSM) raster imagery in Pix4D Mapper Pro Educational, Version 4.2.26 (Pix4D S.A., Prilly, Switzerland), which processed the geolocated images in three main steps:
1.
Initial processing for calibrated and geolocated images, 2.
Point cloud densification and generation of 3D texture mesh with optimal point density, and 3.
DSM and orthomosaic image generations for the production of GeoTIFF-encoded raster images.
The 13 images from the orthomosaic and the DSM processings were applied to a Geographic Information System (QGIS, 3.4.2) with an overlay onto the MZ-1 map. Sacred compounds, monuments, processed land, shrub-hosting areas, and scrub-type plants were polygonized and subjected to surface area calculation. The surface areas were measured manually on orthomosaic images of high resolution (2.5 cm per pixel) in order to accurately determine occupancy of the components, following ground-truth records. Scrub-type plants partially covered the monuments were further assessed to evaluate the tendency of species to interfere with the monuments. Some distortions were observed at the margins of the orthomosaic imagery due to incomplete overlapping during the flight mission, though they did not affect the data on the sacred compounds targeted in the study.
A prior check on scrub vegetation and the other components was applied to the orthomosaic images. On this basis, three subzones were designated by overlaying grids of 1 km 2 onto the MZ-1 map. The designation was within 7 km from the bank of the Ayeyarwady River to the eastern boundary of MZ-1, to distinguish the three subzones: L1 (within 2 km), L2 (within 2-3 km), and L3 (within 3-7 km) ( Figure 1a ). In each subzone, land coverage by individual components and the associated presence of scrub vegetation in the compounds were further examined.
Data Analysis
The surface areas of components were assessed for comparative analysis of occupancy on the land of the sacred compounds. Mean, maximum, and minimum values were computed for overall occupied areas of the components in 27 compounds, and the area of the scrub vegetation canopy partially covering the monuments was determined. In addition, subzone-dependent areas covered with scrub vegetation were assessed by two-way variance analysis (ANOVA) using the general linear model (GLM) procedure at α = 0.05 (SAS University Edition). Based on the interaction between the subzone and the scrub vegetation canopy cover area, exploratory factor analysis was implemented to clarify links between the presence of mutual species corresponded to the subzones.
Results
Relative Areas of Components in Sacred Compounds
At the study site, 27 sacred compounds occupied a total of 22.36 ha (0.54% of MZ-1), with a mean size of 0.83 ha ( Table 1 ). The compounds largely deviated in size over seven orders of magnitude between the minimum and maximum. In the sacred compounds, the components-monuments, processed land, shrub-hosting areas, and scrub vegetation-accounted for relative coverage areas of 6.9%, 25%, 40.6%, and 27.5% of the compounds, respectively. The absolute occupancy of the 89 monuments observed in the 27 compounds was 1.55 ha, with a considerable diversion of the mean from the lowest and highest values. The data presented monuments of various sizes scattered across the study site and less than 10% of land occupied by monuments in the compounds. Meanwhile, land parcels characterized by anthropogenic influences, shrub-hosting patches, and scrub vegetation represented areas in the range of 25%-40%. Although processed lands were present in some compounds, many areas were found to be undisturbed and under vegetation cover. Table 2 ). † † † Sum of 1, 2, 3 and 4. N = Number of observational units. The processed land at the study site consisted of farmland, active monastic residences, and accessways. Within the total area of the 27 sacred compounds, farmland accounted for 15.4%, and each of monastic residences and accessways accounted for less than 10%. The data revealed that the usage of processed land for farming as a principal human-influenced component coexisted with active settlements of religious personnel and tracks within the compounds.
Scrub vegetation chiefly consisted of eight species (Table 2) , whose overall coverage was 6.14 ha, representing 27.5% of sacred compound areas (Table 1) . Among these species, the canopy cover of Prosopis juliflora had the most substantial proportion of the total at 16.3%, while the remaining species accounted for less than 5%. Each species was characterized by a wide range of minimum to maximum canopy cover data, resulting in a high variation of dimensions.
Six of the eight species had canopy partially covered the monuments in sacred compounds ( Table 3 ). The total coverage of these types (Acacia leucophloea, Acacia catechu, Azadirachta indica, Zizyphus jujuba, P. juliflora, and "Other") accounted for 1.6 ha, with a mean of 1.31 × 10 −2 ha. The tendency of the P. juliflora spread produced a canopy cover of 78%, making it the main species in direct contact with the monuments. Acacia leucophloea, "Other" and A. indica accounted for 11.6%, 5.4%, and 3.3%, respectively, while A. catechu and Z. jujuba resulted in less than 1%. The species which partially covered the monuments combined in formations from small individual instances to groups, creating significant canopy cover ( Figure 2 ). The results suggested that introduced species, rather than native scrub-type plants had more considerable proximity to the monuments, creating partial shade. usage of processed land for farming as a principal human-influenced component coexisted with active settlements of religious personnel and tracks within the compounds. Scrub vegetation chiefly consisted of eight species (Table 2) , whose overall coverage was 6.14 ha, representing 27.5% of sacred compound areas (Table 1) . Among these species, the canopy cover of Prosopis juliflora had the most substantial proportion of the total at 16.3%, while the remaining species accounted for less than 5%. Each species was characterized by a wide range of minimum to maximum canopy cover data, resulting in a high variation of dimensions.
Six of the eight species had canopy partially covered the monuments in sacred compounds ( Table 3 ). The total coverage of these types (Acacia leucophloea, Acacia catechu, Azadirachta indica, Zizyphus jujuba, P. juliflora, and "Other") accounted for 1.6 ha, with a mean of 1.31 × 10 −2 ha. The tendency of the P. juliflora spread produced a canopy cover of 78%, making it the main species in direct contact with the monuments. Acacia leucophloea, "Other" and A. indica accounted for 11.6%, 5.4%, and 3.3%, respectively, while A. catechu and Z. jujuba resulted in less than 1%. The species which partially covered the monuments combined in formations from small individual instances to groups, creating significant canopy cover ( Figure 2 ). The results suggested that introduced species, rather than native scrub-type plants had more considerable proximity to the monuments, creating partial shade. 
Coverage of Other Components and Scrub Vegetation Canopy in the Three Subzones
In the designation of the three subzones (L1, L2, and L3) based on the distance from the Ayeyarwady River to the eastern boundary of MZ-1, 11, 4, and 12 sacred compounds in zones L1, L2 and L3, respectively. In the compounds, monuments occupied 4.5%, 0.8%, and 2.6% of the land, respectively (Figure 3 ). Processed land in the three zones accounted for 13%-18% of the total area, while shrub-hosting areas ranged from 3% to 38%. The processed land area of 3.6 ha in L2 was twice as large as that of L3, and an order of magnitude larger than that of L1. In L3, meanwhile, the shrub-hosting area of around 5 ha was 1.7 times larger than that of L2 and 3.8 times larger than that of L1. The scrub vegetation coverage of 3.65 ha in L3 was twice as broad as that of L2 and four times as wide as that of L1. The data implied that, although the sacred compounds in L3 were wider than those in the other two subzones, shrub-hosting areas occupied the majority of the land there. In L2, processed areas, mainly farmland, tended to be more prominent than other components, while no farmland occupied the compounds in L1 and L3.
The results of the two-way factorial analysis regarding the scrub vegetation canopy coverage against the subzones highlighted significant effects for each parameter and revealed a related interaction ( Table 4 ). In L3, the mean canopy cover of the eight scrub-type species considerably exceeded those of L1 and L2, whereas there was non-obvious discrimination between the latter two. Of the eight plant types, P. juliflora was among the leaders in terms of canopy coverage, along with A. leucophloea, A. catechu, A. indica, and "Other." The land area covered by the P. juliflora canopy was 6.1, 9.2, and 7.5 times larger than that covered by Z. jujuba, O. wightiana, and E. antiquorum, respectively. Notes: Values are means ± standard errors. The main effects of subzone and scrub vegetation coverage are significant (p < 0.0001), and related interaction is observed (p = 0.016) at α = 0.05. Means with different letters in the same columns are significantly different (p < 0.05) based on Tukey's studentized range test at α = 0.05. L1: 2 km; L2: 2-3 km; L3: 3-7 km from the Ayeyarwady River.
While there were similarities in the mean canopy coverage of A. catechu, A. indica, and E. antiquorum among the three locations, the land covered by A. leucophloea in L1 was about twice the size of that in L3. In L1, the area covered by A. leucophloea was indistinguishable from that of L2; the latter, in turn, was equivalent to the mean in L3. The area covered by Z. jujuba in L1 was 1.7 and 1.8 times smaller than that in L2 and L3, respectively, while the magnitudes in the latter two were similar. In L3, O. wightiana covered around three times as much of the sacred compounds as in L1 and L2, while its coverage was similar in the latter two. Canopy coverage of P. juliflora in L3 was four times larger than that in L1, while similarities resulted in the coverage areas between L2 and L3, and L1 and L2. The canopy of "Other" in L2 was 2.4 times larger than that in L1, while coverage between L1 and L3, and L2 and L3, did not differ significantly.
The results indicated more scrub vegetation canopy cover in L3 than in the other two subzones. The seven types other than A. leucophloea dominated the overall canopy coverage in the sacred compounds in L3, thereby enlarging the overall magnitude. While coverage with these plant types likely represented a small contribution to the compounds in L1, the situation in L2 was somewhat in between. In such a context, L2 can represent a transition zone regarding scrub vegetation canopy coverage in the sacred compounds.
The results indicated more scrub vegetation canopy cover in L3 than in the other two subzones. The seven types other than A. leucophloea dominated the overall canopy coverage in the sacred compounds in L3, thereby enlarging the overall magnitude. While coverage with these plant types likely represented a small contribution to the compounds in L1, the situation in L2 was somewhat in between. In such a context, L2 can represent a transition zone regarding scrub vegetation canopy coverage in the sacred compounds. 
Factors Influencing the Occurrence of Each Scrub Vegetation Type
Based on the interactive results regarding relationships between subzone and scrub vegetation canopy coverage, the exploratory factor analysis indicated maximum relations within plant types concerning maximum variance among factors. Three factors with respective eigenvalues of 2.04, 1.38, and 0.97 were considered for an overall variance of 55% ( Table 5 ). The importance of Factor 1 expressed as 38.8%, to which A. leucophloea, A. indica, and Z. jujuba contributed factor loadings above 50%. Due to loading of over 80%, A. indica was enormously attributed to Factor 1, while Z. jujuba and A. leucophloea were also of high importance to this factor. These three types characterized a similar presence in the sacred compounds. For the attribution of A. leucophloea to Factor 1, the significance of its canopy coverage in L1 and L2 (Table 4 ) revealed underlying subzone factors within 2 km and 2-3 km from the Ayeyarwady River. 
Based on the interactive results regarding relationships between subzone and scrub vegetation canopy coverage, the exploratory factor analysis indicated maximum relations within plant types concerning maximum variance among factors. Three factors with respective eigenvalues of 2.04, 1.38, and 0.97 were considered for an overall variance of 55% ( Table 5 ). The importance of Factor 1 expressed as 38.8%, to which A. leucophloea, A. indica, and Z. jujuba contributed factor loadings above 50%. Due to loading of over 80%, A. indica was enormously attributed to Factor 1, while Z. jujuba and A. leucophloea were also of high importance to this factor. These three types characterized a similar presence in the sacred compounds. For the attribution of A. leucophloea to Factor 1, the significance of its canopy coverage in L1 and L2 (Table 4 ) revealed underlying subzone factors within 2 km and 2-3 km from the Ayeyarwady River. In Factor 2, with 36.9% contribution, A. catechu, O. wightiana, and E. antiquorum exhibited loadings of 60%, 64%, and 73%, respectively. The canopy-covered areas of these three types were remarkably large in L3 (Table 4) , and their close relationship, as explained by Factor 2, corresponded to sacred compounds within a distance of 3-7 km from the river. For almost 50% loading, "Other" likely accounted for its associated presence with A. catechu, O. wightiana, and E. antiquorum, but related ascription appeared inconspicuous.
Expressed as 24.3% for Factor 3, P. juliflora showed a notable loading of 87% in this factor, exhibiting inferior relationship with other plant types. The canopy of this type covered extensive areas of sacred compounds in L3, as with L2 (Table 4 ). This species was consistently the scrub-type plant most prevalent in sacred compounds within 3-7 km of the river, and also occurred to a certain extent in those within 2-3 km.
Concerning the close relationships linking scrub vegetation, the underlying factors helped to elucidate the importance of the subzone in which the sacred compounds are present. The subzone within 2 km from the Ayeyarwady River represented the Riverside Zone, where A. leucophloea, A. indica, and Z. jujuba were prominent in sacred compounds. The hinterland zone within 3-7 km was under the influence of P. juliflora, A. catechu, O. wightiana, and E. antiquorum, and represented the Inland Zone. In between was the region within 2-3 km, where the extent of scrub-type species exhibited transience in terms of canopy cover and represented the Transition Zone. Scrub vegetation in sacred compounds reflected the vegetated conditions of the subzone within the landscape scale of MZ-1.
Discussion
Components Integrating into Sacred Compounds
In this study, the sacred compounds within MZ-1 enclosed religious monuments built between the 12th and 14th centuries A.D. These periods covered major construction eras of monuments in Bagan, i.e., 12th-13th centuries A.D., while further constructions continued to the 19th centuries A.D. [16, 26] . The overall area of the 27 compounds examined was 22.36 ha, encompassing monuments of three major types (33 stupas, 30 temples, and 24 monasteries) and two unidentifiable structures. The monuments occupied the land from small to large areas ranging from 3.5 to 1197.5 (×10 −4 ) ha ( Table 1 ). The minimum coverage involved the presence of a small stupa, whereas the maximum was associated with the ruins of a monastery. As an area measurement was manually conducted in this study to assess the land covered by main monument structures and any related extensions, the dimensions observed somewhat deviated from the general size range presented by Pichard [37] . Nevertheless, the data reflects the scattering of the small, medium, and large monuments in the 27 sacred compounds within MZ-1. Temples were only found in 17 compounds, monasteries only in 16, stupas in seven, and unidentifiable structures in two, while temples and monasteries were found together in most of the compounds. The 27 sacred compounds encompassing the 89 monuments examined in this study represented approximately one-tenth of the numbers identified in Pichard's survey [26] .
In the sacred compounds, land coverage by monuments was around 7%, while those of other components (processed land, shrub-hosting areas, and scrub vegetation) were 3.6 to 5.8 times larger. The data implied that a large proportion of land was under human intervention and vegetated conditions. Farmland, active monastic residences, and accessways were under anthropogenic influence in the current study. The relative coverage of processed land in the compounds corresponded to that of the subzones, accounting for 41.3% in L2, 16.5% in L3, and 7.3% in L1 (Figure 3) . The subzones reflected the characteristics of land east of the Ayeyarwady River to the hinterland. In the hinterland (L2 and L3), the data expressed more remarkable human interventions to the compounds than the subzone in the vicinity of the river. Such a condition was probably due to the presence of the large compounds in the hinterland (Figure 3) and their limited coverage by monuments, thus rendering the remaining space subject to use for agriculture and other purposes.
In a historical context, the hinterland area was a site where constructions of gigantic temples and monastic structures with broad ground-plan (50 m and above) during the 12th and 13th centuries A.D. [18, 26] . It seemed that the religious buildings built in the 11th century A.D., which were of smaller size (12 m or less ground-plan), had populated the riverside, thereby pushing later constructions eastward to the hinterland. Hudson et al. [16] also described how it was a peak of monastic constructions with other related buildings in a single compound during the 13th century A.D.; hence, the large sacred compounds emerged through such cultural activities. The archaeological evidence also supports the scatter of monuments in Bagan based on the three constructions periods-11th, 12th, and 13th centuries A.D. [16, 33] ; the latter two periods were the times of building monuments in the hinterland. The documents were in line with the current study in the context of the existence of large-sized temples or monasteries in massive sacred compounds in the hinterland. Although some monuments were under conservation, some were somewhat abandoned and ruined inside the enclosures deteriorated. Over the deteriorated enclosure-wall, there occurred scrub vegetation as a live hedgerow for the monuments inside. Nonetheless, the uncontrolled growth of such vegetation increases the threat to the monuments in the vicinity. Site management to let the vegetation grow under a controlled state is, therefore, a requirement to preserve the monuments and retain the integrity of the entire heritage site.
In the sacred compounds in L2, the influence of farmland reflected the agricultural activity of local farmers residing in the rural settlements within MZ-1 (Figure 2b; Figure 1a ,b). It implied that cultivation activity may have suppressed the incidence of non-crop vegetation in the compounds. Continuous cultivations, then, would restrict the expansion of shrub-hosting areas. Instead, lack of cultivation or other types of processed land would enhance the incidence of weedy vegetation, thereby enlarging the shrub-hosting area, particularly in the sacred compounds of the hinterland. In the absence of any cropping or if land becomes abandoned, this would create shrub or grass cover in the compounds. A recent study by the authors of [8] described the habitation of shrubs and other weedy vegetation on the farmland without crop cover in MZ-1. The authors of [38, 39] also stated that abandoned agricultural land is the site vulnerable to the conquest of annual and perennial plant species. The current study, therefore, suggests that the presence of farmland in the sacred compounds is a control measure for weedy growth and regeneration of scrub vegetation, thereby representing the managed part of the living landscape.
A query on administrations in Myanmar's history described that the agricultural lands were present in the surrounding of some temples in MZ-1 in the Bagan era [21] . The substantial dedications of donors to the religious buildings and personnel (the religious body) during the 12th and 13th centuries A.D., and the glebe lands and labors were mainly loyal to the religious body [40, 41] . The laborers were responsible for taking care of the dedicated items, and they might have cultivated the glebe lands during those days. Besides, some five settlements existed within MZ-1 during the Pre-Bagan and Bagan eras [16, 17] , and the residents supposedly cultivated the lands for their living in those periods. Reports on extensive use of sesamum oil for cooking and lighting, and cultivations of grain crops like millet and sorghum [23, 24] supported the context of farmland present around the religious buildings in the ancient times. Later on, the successors of the Bagan land seemed to proceed cultivations through several centuries, and the practices developed would have contributed to the characteristics of the Bagan landscape.
As discussed earlier, the components in each sacred compound are integral to the significance of the cultural heritage site. The monuments indeed symbolize the cultural heritage on the one hand, and managing the vegetation cover in the surrounding is inevitable to conserve the entire site on the other hand. In this regard, contributions of multi-stakeholders from different fields with concrete policy implications are believed to safeguard the World Cultural Heritage in Bagan.
Scrub Vegetation Canopy Coverage against Subzones
In the study site, scrub vegetation occupied considerable areas of sacred compounds and was comprised of native and invasive species. The native scrub vegetation in Myanmar is of tropical dry (thorn) forest type [9, 10, 42] , and invasive P. juliflora [10] also grows extensively all over the Dry Zone [43, 44] . Among the scrub-type plants, land coverage by P. juliflora ranked highest, though some native species and "Other" displayed similarities in coverage (Table 4) . Prosopis juliflora was also a species with notably high canopy expansion in contact with the monuments (Table 3 ). However, the native A. leucophloea exhibited an opposite trend to P. juliflora. The former had high coverage in L1, while the latter did in L3. The results stressed the relation between subzone and scrub vegetation canopy coverage, indicating that A. leucophloea was abundant in sacred compounds close to the river, whereas P. juliflora influenced the hinterland. In between in L2, both species tended to switch between respective expansion and shrinkage of canopy coverage, representing a transition zone at the study site. While coverage by other native species remained unchanged with location, Z. jujuba, O. wightiana, and "Other" exhibited sparse coverage in L1, generally increasing toward the hinterland. These conditions were considered to have triggered enlargement of the overall area of coverage by scrub vegetation in the scared compounds of L3. The argument suggests that drier land seemingly favored the growth of P. juliflora and native scrub species other than A. leucophloea in sacred compounds.
However, the presence of A. leucophloea in the compounds was associated with the growth of A. indica and Z. jujuba, while A. catechu coexisted with O. wightiana and E. antiquorum (Table 5) . Interestingly, P. juliflora was a peculiar species irrespective of others present in the same habitat. The results implied that some scrub-type plants grow synergistically with certain species, while antagonizing others. This context further extends to the influence of other abiotic and biotic factors relating to the survival of such plants. The L2-L1 subzones stretched to the river may favor the presence of A. leucophloea, A. indica, and Z. jujuba.
On the contrary, toward the hinterland, L2-L3 may benefit the associated growth of A. catechu, O. wightiana, and E. antiquorum, and undoubtedly P. juliflora. The transition zone, L2, characterized overall coverage of scrub vegetation equivalent to the situation in the proximity of the river. Despite a broader tendency of occupation in the sacred compounds, the equivalence of scrub vegetation canopy coverage in L2 to L1 was the attribute to inference from extensive human intervention. It appears to be a characteristic of scrub vegetation, which rarely extends into groves if affected by agricultural activities in the transition zone. Successive plowings seemed to suppress propagules of non-crop species, including shrubs and woody types, thereby reducing the occurrence of scrub vegetation later. Under such a control, the coverage of the scrub vegetation in the sacred compounds in the transition zone was likely equivalent to those in the riverside. A study also indicated that land preparation for agricultural purpose is detrimental to the regeneration of grass and herb species [45] .
Extensive coverage of P. juliflora in hinterland compounds appeared to be woodland-like cover. The canopy of Prosopis was more significant than that of the native Acacia species, even in drought conditions with strong sunlight [46] , and the evidence corresponded with the results of this study. The antagonistic influence of P. juliflora on the growth of other native species (Table 5 ) highlighted interesting and important ecological considerations for landscape management of the heritage site. Previous researchers have reported on the invasive capacity of P. juliflora that was able to displace and even eliminate native species [47, 48] . Despite tolerance to the harsh environment of the Dry Zone, native woody and succulent plants might be allelopathically affected by some exudates of P. juliflora, which could inhibit the emergence of native plants. The "L-tryptophan" present in the leaves of P. juliflora can leach into the soil from leaf litter, thereby considerably inhibiting the growth of native species [49, 50] . With the grove of P. juliflora progressively expanding from the hinterland to the riverside across the transition zone, its influence on the entire landscape of Bagan would presumably alter the ecosystem in the future.
Groundwater availability is also a critical factor for the growth of P. juliflora. In the Bagan area, groundwater generally lies between depths of 150 and 250 m; however, the depth lower than 100 m usually exhibits in the vicinity of the Ayeyarwady River [51] . A dimorphic root system spreading both deep into the soil and laterally near the surface helps P. juliflora to exploit soil water resources [52] . As the root length of P. juliflora correlates to the presence of soil water [53, 54] , water table proximity to the soil surface provides favorable conditions for the presence of the species. The sacred compounds within the river and the transition zone are, therefore, vulnerable to the invasion of P. juliflora unless there is any implementation of site management.
The sandy loam soil of the Bagan site [51] appears to be influenced by the distribution of P. juliflora roots, even within the shallow soil layer. With local groundwater, the dimorphic root system of the species may also extend horizontally across the subsoil layer, where percolating rainwater may be absorbed. Sandy soil is known to support rainwater leaching, inducing percolation into the layer below. Prosopis root expansion was substantial within 0.5 m of the soil layer with high sand content [50] and enabled water absorption to a depth of 15 cm following torrential rain [55] . With roots spreading just beneath the soil surface, a massive grove of P. juliflora partially covering monuments may extend roots into the soil below such structures. Rainwater spilling from the structures is also considered to promote the growth of roots, whose penetrative and uplifting effects are threats to the centuries-old monuments.
Socio-Cultural Implications of Scrub Vegetation
Encroachment of scrub vegetation in the sacred compounds indicated associated growth of species, and it shed light on the extensive occurrence of invasive species across the Bagan site. In general, thorny plants with the sparse canopy are significant flora on the land of Bagan [29] , and recent research on the spread of similar vegetation across the area around the confluence of Ayeyarwady, Chindwin and Mu rivers at a few kilometers north to Bagan [43] was consistent with the current study.
Bagan today represents the cultural landscape developed through anthropogenic activities such as settlements, constructions of religious buildings, and agricultural works from the Pre-Bagan period to the current age. Documentations on scattered residential sites around MZ-1, temple constructions in various eras, and agricultural land use in the history supported this statement [16] [17] [18] [19] 21] . Since the ancient times, settlers in Bagan had cultivated sesamum, sorghum, and millet under the dry-zone climate of Myanmar [23, 24] . Such activities would have suppressed the growth of non-crop propagules, which can live for several years to restore successional growth [56] . When fallowed or abandoned, the weedy growth might have induced the occurrence of shrub and woody vegetation in the following years. Enrichment of plant nutrients in the upper soil layer of the cultivated land is a factor that can favor the incidence of annual plants shortly after abandonment, then perennial growths later [57, 58] . The shrub-hosting patches also create habitat for dispersed seeds of woody species, which later grow into woody vegetation [59, 60] .
For the related socio-cultural issues in the past, the associated occurrence of scrub vegetation in the sacred compounds highlights the need for landscape management to preserve the monuments as well as the heritage site. The vegetation invasion to the monuments is not typical to Bagan; many abandoned monuments on the world are of similar situations [2, 7] . Unlike the monuments in other parts of the world, those in Bagan are hundreds clustering on 228 km 2 of land, where settlements and other human-induced features coexist [8] . As mentioned above, the current study endorses the presence of farmlands and agricultural activities in Bagan as a means of preserving the monuments. However, no recommendation goes to the eradication of non-crop vegetation because the presence of such vegetation holds biodiversity in the cultural heritage site. Consistent with the suggestions of Caneva et al. [1] , this study also stresses management strategies that can keep the integrity of the cultural landscape on the one hand, and conserving the biodiversity, while considering the possible threats of the invasive species on the other hand. The results of the present study do recommend site management as a priority through multi-disciplinary approaches to safeguard cultural heritage. Although there may be limitations of public interest, financial matters, and other resources, the catalyst of policy implication and institutional supports will sustain the conservation of the World Heritage.
Conclusions
Scrub vegetation displayed significant interference with the monuments, though shrub-hosting areas and processed land were also remarkable components in the sacred compounds within MZ-1 of Bagan. Coverage of scrub vegetation quantified 27% of the sacred compounds, following the occupancy of shrub-hosting areas. Processed land comprising farmland, active monastic residences, and accessways occupied 25%, whereas the proportion of land taken up by the monuments was less than 10%. The zonal characteristics of scrub vegetation indicated the encroachment of invasive P. juliflora into the zones close to the Ayeyarwady River. While native scrub-type plants occurred in associated growth, the invasion of P. juliflora suppressed the growth of native scrub vegetation.
The presence of farmland in the sacred compounds was a good indication of controlling the invasion of scrub vegetation, which may be hosted by shrub patches in the earlier stage. As an alternative, abandonment of the cultivated land can facilitate the growth of weedy species, including shrubs, and later woody plants. Retaining agricultural activities in Bagan, therefore, is a tactical move to serve the integrity of the entire landscape. Unless otherwise, the extensive occurrence of scrub vegetation in the proximity of and on the monuments would accelerate the deterioration of the cultural heritage. Under such conditions, unmanaged vegetation growth would degrade the landscape of Bagan with deteriorated monuments in the future. Although no suggestion raised eliminating all the non-crop vegetation, the results of the current study do recommend formulating and implementing site management through multi-disciplinary efforts by various stakeholders. As for sustainability, the contribution of local management practices to the integrity of the cultural landscape is of utmost importance. The collaborative actions of stakeholders from various disciplines with support from regional and national governments will strengthen the long-term movement. Finally, further examinations based on the current results are helpful to integrate into safeguarding the World Cultural Heritage in Bagan due to some administrative restrictions on the coverage of on-ground research in the study reported here.
